Water extract (WE) of Cordyceps militaris has been reported to produce antitumor and immunomodulatory activities in vivo and in vitro. However, the therapeutic mechanism has not been known. In this study, we investigated whether water extract of C. militaris induces the phenotypic and functional maturation of dendritic cells (DC). It profoundly increased CD40, CD54, CD80, CD86, and MHC class II expression in murine bone marrow (BM)-derived myeloid DC. Endocytosis was assessed by the uptake of FITC-dextran and FITC-albumin. The ability of unstimulated DC (UT-DC) to uptake dextran and albumin was higher than that of WE-or LPS-stimulated DC (LPS-DC). Also, UT-DC secreted a low concentration of IL-12, while WE-or LPS-DC secreted higher levels of IL-12 than UT-DC. WE not only formed morphologically mature DC and clusters, but also induced predominantly functional maturation. Moreover, WE is shown to promote the cytotoxicity of specific-cytotoxic T lymphocyte (CTL) induced by DC which were pulsed with P815 tumor-lysate during the stage of antigen presentation. These results suggest that DC maturation by WE can play a critical role in the improvement of the immunoregulatory function in patients with impaired host defense.
Dendritic cells (DC) are professional antigen-presenting cells (APC) playing key roles in the immune sentinels as initiators of T-cell responses against microbial pathogens and tumors. 1, 2) Immature DC capture and process exogenous antigens in peripheral tissues and begin to mature. The maturing DC migrate to the lymphoid organs, where they stimulate naive T cells through the signals of both major histocompatibility complex (MHC) molecules presenting antigen-peptides and costimulatory molecules. 3, 4) The initial contact between DC and resting T cells might be mediated by a transient, high-affinity interaction between DC-SIGN on the DC and the adhesion molecule ICAM-3 on the T cells, 5) followed by interactions through other adhesion molecules and their corresponding ligands (ICAM-1/LFA-1 and LFA-3/CD2). Following TCR engagement, an intimate interaction often referred to as the immunological synapse evolves, where multiple interactions between costimulatory molecules on DC and their ligands on T cells result in final DC maturation and Tcell activation. 6 ) Also, immature DC are characterized by a high capacity for antigen uptake and by low levels of surface MHC class II and accessory molecule expression. The maturation of DC is characterized by decreased antigen uptake, by high levels of surface MHC class II and accessory molecule expression, and by production of IL-12 upon stimulation. 7, 8) Moreover, they also down-regulate the expression of receptors for inflammatory chemokines (CCR1 and CCR5) and up-regulate those for constitutive chemokines CCR7 and CXC chemokine receptor 4 (CXCR4), therefore allowing maturing DC to migrate from the periphery to the lymph nodes. 9) Thereby mature DC gain a high capacity to prime T cells. It is generally believed that down-regulation of antigen uptake and up-regulation of MHC class II are combined in vivo.
The interest of researchers in medicinal plants as natural sources of active principles has noticeably increased during the decades and particular attention has to the polysaccharide components of various traditional Asian medicines. [10] [11] [12] Especially, Cordyceps militaris has also been used as a folk medicine in Korea, China, and Japan for a long time. Its chemical components, including cordycepin, 13) neucleoside, 14) and various polysaccharides, 15) have been widely studied. However, little is known about its immunomodulating effects or the effects of their mechanisms on murine bone marrow (BM)-derived DC. Therefore, we investigated whether water extract (WE) of C. militaris enhances the phenotypic and functional maturation of DC, including the expression of surface molecules and IL-12p70 production. Additionally the antigen-uptake capacity of WE-DC was determined by FITC-dextran and FITC-albumin uptake. These results indicated that WE-DC significantly increased the mixed lymphocyte reaction (MLR) when subsequently co-cultured with allogeneic T cells. Furthermore, WE had regulatory effectors on specific-cytotoxic T lymphocyte (CTL) during the stage of antigen presentation, and further explored the mechanisms of CTL cytotoxicity. Preparation of DC DC were generated from murine BM cells, as described by Inaba et al. 16) with minor modifications. Briefly, BM was flushed from the long bones of BALB/c mice and depleted of red cells with ammonium chloride. The cells were cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 5ϫ10
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Ϫ5 M 2-mercaptoethanol, 10 mM HEPES (pH 7.4) (all from Sigma), 20 ng/ml of rmGM-CSF and 20 ng/ml of rmIL-4, referred to subsequently as complete medium (CM). On day 0, 3ϫ10 6 cells were seeded per 6-well plate (3 ml/well) and incubated at 37°C in 5% CO 2 in air. On days 2, 4, and 6, floating cells were gently removed and fresh CM was added. On day 6, culture supernatant was aspirated and replaced with CM (Ϯ WE or LPS; final concentration of 100 mg/ml or 100 ng/ml, respectively). Purity of CD11c ϩ cells was Ͼ 85 % and LPS was used as positive control for the DC maturation.
Immunomagnetic Bead Sorting of DC To obtain highly purified populations for subsequent analyses, DC were labeled with bead-conjugated anti-CD11c mAb (Miltenyi Biotec, Auburn, CA, USA) followed by positive selection through paramagnetic columns (LS columns; Miltenyi Biotec) according to the manufacturer's instructions. DC purity of 90% was consistently achieved.
Flow Cytometric Analysis Flow cytometric analysis was performed, as described by Kodaira et al. 17) Briefly, cells (5ϫ10 5 ) were first blocked in staining buffer (PBS with 2% FBS and 0.1% sodium azide) containing anti-CD16/CD32 mAb (PharMingen) to block nonspecific binding of Igs for 15 min at 4°C and then stained with mAb for 30 min at 4°C. Cells stained with the appropriate isotype-matched Ig were used as negative controls. After staining, the cells were fixed with 2% w/v paraformaldehyde and analyzed using a FACSCalibur (Becton-Dickinson, San Jose, CA, USA). For intracellular cytokine staining, the cells were treated with brefeldin A (10 mg/ml, 4 h, 37°C), washed with staining buffer, stained with FITC-conjugated anti-CD11c mAb, and fixed in 2% w/v paraformaldehyde (15 min, 4°C). Subsequently, the cells were washed twice in staining buffer, permeabilized in 0.1% saponin, and incubated with PE-conjugated anti-IL-12p40/p70 or anti-IL-10 mAb (30 min, 4°C). Appropriate isotype-matched mAbs served as negative controls.
Allogeneic MLR Splenocytes, isolated from female C57BL/6 at 5-8 weeks of age, were passed over nylon wool columns to enrich T cells. They were mainly composed of CD3 cells (Ͼ 90%) when determined by staining with FITCconjugated anti-CD3 antibody (PharMingen). DC were treated with 50 mg/ml mitomycin C (Sigma) for 1 h and added in graded doses to 1ϫ10 5 allogeneic T cells in U-bottomed 96-well microtiter culture plates. During the last 18 of the 72 h culturing, cell proliferation was estimated based on uptake of [ Quantitation of Ag Uptake Cells (5ϫ10 5 ) were incubated with 5 mg/ml FITC-albumin or 0.1 mg/ml FITC-dextran at either 37°C or 4°C for 1 h. Endocytosis was stopped by three washed in ice-cold 0.1% sodium azide-2% FBS-PBS. The cells were stained for surface PE-conjugated antiCD11c. Free Ags were washed away with staining buffer, and then analyzed by FACSCalibur (Becton-Dickinson).
Cytokine Assay Culture supernatants were analyzed by ELISA. OD at 450 nm of duplicate samples was determined and corrected by a microplate reader, with readings at 570 nm (PowerWave with KC4 software; Bio-Tec, Winooski, VT, USA). The minimum detection levels for IL-2 and IL12p70 were 7.8 pg/ml and 15.8 pg/ml, respectively.
CTL Assay P815 was a kind of mastocytoma (H-2 d
) and was maintained in vitro in RPMI medium 1640. Cell lysates were prepared from freshly cultured cells by freeze/thaw as shown previously.
18) P815-specific CTL were induced by DC pulsed with P815 lysate (3 : 1) in the absence or presence of WE. After 24 h, DC was pretreated with 50 mg/ml mitomycin. Mononuclear lymphocytes were isolated from splenocytes by Ficoll-density gradient. Mononuclear lymphocytes (1ϫ10 7 cells/well) were cultured with DC (5ϫ10 4 cells/well) in 24-well flat bottom tissue culture plates and incubated at 37°C and 5% CO 2 for 5 d. Non-adherent cells were harvested. P815 cells (2ϫ10 5 cells/ml) were incubated with CTL for 24 h. The activities of lactate dehydrogenase (LDH) released into culture supernatants were measured with LDHcytotoxic test kit (Sigma). The percentage of LDH release (nϭ3) was equal to LDH activity in the medium divided by activity in both the cell culture supernatant and the medium ϫ100%.
Statistics Statistical analyses were performed using Student's t test. Values of p Ͻ 0.05 were considered to be statistically significant.
RESULTS
WE Has No Cytotoxicity for the Mature Morphological
Characterization of BM-Derived Murine DC In the first series of experiments, we examined whether WE influences the maturation of DC. BM cells were cultured for 7 d in an RPMI supplemented with 20 ng/ml GM-CSF and 20 ng/ml IL-4 in the presence or absence of different concentrations of WE for 24 h. Because concentrations of WE Յ 250 mg/ml were found to be no cytotoxic to BM cells, WE was used at concentrations Յ 250 mg/ml (Fig. 1A) . DC cultured with WE or LPS (positive control for DC maturation) for 24 h were enlarged, and displayed typical stellate and proliferating aggregates under microscopy (Fig. 1B) .
WE Up-regulates the Membrane Expression of MHC and Costimulatory Molecules on BM-Derived Murine DC Further to evaluate whether WE influences the phenotypic maturation of DC, immature DC were cultured with WE or LPS for 24 h and then analyzed for any surface expression of CD40, CD54, CD80, CD86, and MHC class II molecules. As shown in Fig. 2A and Table 1 , WE, similarly to LPS, induced dramatic up-regulation of CD40, CD54, CD80, CD86, and MHC class II molecules on the surface of CD11c ϩ DC. An analysis of cell surface markers demonstrated that the large cells expressed CD11c (Ͼ 85%). In addition, the possibility of LPS contamination in WE was determined by adding PB (an LPS inhibitor) to cell cultures treated with WE or LPS (Fig. 2B) . PB effectively inhibited the expression of CD40, CD54, CD80, CD86, and MHC class II molecules increased on LPS-stimulated DC (LPS-DC), but had no effect on unstimulated-DC (UT-DC) and/or WE-stimulated DC (WE-DC). The membrane expression of MHC I, however, was relatively weak in WE-or LPS-DC. Upon stimulation, DC also down-regulate the expression of receptors for inflammatory chemokines (CCR5) and up-regulate those for constitutive chemokines, CXCR4, therefore allowing maturing DC to mi- 
Fig. 1. WE Has No Cytotoxicity and Induces Proliferating Aggregates in DC
(A) DC were grown from precursors of bone marrow (BM) in complete RPMI media 1640 containing 20 ng/ml rmGM-CSF and 20 ng/ml rmIL-4. DC were treated with WE at 0 (UT), 50, 100, or 250 mg/ml for 24 h on day 6. The MTT activity was determined. (B) DC forms loosely adherent proliferating aggregates in the presence of WE on day 7. One hundred mg/ml WE or 100 ng/ml LPS was added into the culture on day 6. Nonadherent and/or plastic adherent cells were photographed under a microscope (ϫ 20) on day 7. The results are representative of three independent experiments. grate from the periphery to the lymph nodes.
9) Next, we tested whether WE may up-regulate CXCR4 by DC. As shown in Fig. 2C , WE induced the expression of CXCR4 by DC, comparable with that of LPS. In contrast, WE decreased a production of CCR5 after 24 h. This data may suggest that the expression CXCR4 by WE induced the maturation of DC to traffic into the lymph nodes in vivo. In conclusions, these data show that WE induces the phenotypic maturation of BM-derived DC as assessed by the induction of surface molecules.
WE Enhances the IL-12p70 Production in DC on Functional Maturation IL-12 production is also an important marker for DC maturation and can be used as a method for selecting Th1-dominant adjuvant. Bioactive IL-12p70 requires the coordinated expression of two subunits, p35 and p40, that are encoded by two separate genes and regulated independently. 19 ) Therefore, we analyzed both intracellular IL12p40/p70 and bioactive IL-12p70 production by WE stimulation. As shown in Fig. 3A , intracellular staining of FITCconjugated CD11c ϩ DC with PE-conjugated IL-12p40/p70 or IL-10 mAbs revealed that WE-(13.8Ϯ2.1%) or LPS-DC (10.9Ϯ3.2%) significantly enhanced IL-12p40/p70 production compared to UT-DC (0.7Ϯ0.2%), whereas IL-10 was not detectable. When supernatants were analyzed by ELISA, IL-10 was also not detectable after LPS or WE. Also, analysis of IL-12p70 production by ELISA showed only low cytokine levels in the absence of LPS or WE. WE-or LPS-DC (89.2Ϯ10.5 pg/ml and 98.6Ϯ12.3 pg/ml, respectively) secreted higher concentrations of IL-12p70 than did those of UT-DC (24.3Ϯ5.3 pg/ml) at 24 h (Fig. 3B) . These results indicated that the exposure of WE increased the capability of DC to produce high amounts of bioactive IL-12p70.
WE-DC Are Mature Cells with Low Receptor-Mediated Endocytosis and Macropinocytosis
The expression of surface molecules indicated that exposure to WE significantly increased the phenotypic maturation of in vitro-generated DC. Immature DC capture antigens efficiently and lose this capacity on maturation. Therefore, DC maturation was also monitored by measuring the decrease in capacity for antigen uptake. 7, 20) Subsequently, we investigated the ability of WE-DC to endocytose FITC-dextran as well as to exhibit macropinocytosis of FITC-albumin. After incubation of DC stimulated with WE or LPS for 24 h, FITC-dextran or FITCalbumin were added to the culture medium for 1 h. The percentage of double-stained cells (PE-conjugated CD11cϫ FITC-dextran or FITC-albumin) did not differ between WE and LPS-DC, while increased uptake was observed in UT-DC (Fig. 4) . Consequently, WE-DC showed a lower endocytic capacity for FITC-dextran and FITC-albumin than did UT-DC, again indicating that they were functionally active, mature DC.
WE-DC Facilitate Allostimulatory Capacity and IL-2 Production in T Cells
To test whether WE induces the maturation of DC to fully functional APC, DC were tested for their capacity to cluster and to stimulate allogeneic T cells. As shown in Fig. 5A , the size of the clusters formed between WE-DC was similar to that with only LPS-DC. WE-DC stimulated proliferative responses approximately 3-fold more effectively than did UT-DC (Fig. 5B) . The viability of the stimulator cells incubated with and without AE was 91.8Ϯ6.3%, suggesting that the effects of the WE were not due to differences in the viability of DC. Additionally, naive allogeneic T cells primed with mature DC differentiated into Th1 lymphocytes as they produced large amounts of IL-2. Therefore we next examined the quality of the primary T-cell response induced by DC matured in the presence of WE or LPS. As shown in Fig. 5C , WE-DC (879Ϯ54 ng/ml) induced 2-fold more IL-2 production than did UT-DC 
a) BM-derived DC were cultured in presence of WE (100 mg/ml) following the LPS (100 ng/ml) stimulation for 24 h. The expression of surface molecules was analyzed by FACSCalibur. Two-color flow cytometry was used to determine the level of Ag expression on CD11c ϩ DC. b) MFI: Mean fluorescence intensity. The results are from one experiment of three performed. The statistical significance between samples with and without WE is indicated with an asterisk (* pϽ0.01 vs. unstimulated-DC (UT-DC)). 5 cells/ml were cultured with medium alone (UT), WE, or LPS for 24 h at 37°C. IL-12p70 in culture supernatant was determined by standard sandwich ELISA. * pϽ0.05 vs. UT.
(321Ϯ65 ng/ml) in the MLR. Similarly, LPS treatment (899Ϯ37 ng/ml) strongly affected allostimulatory IL-2 production in T cells. These results, therefore, suggest that the activation and maturation of DC by WE treatment may be crucial in order for DC to function as potent stimulatory cells in inducing primary T-cell immune responses to antigens.
WE-DC Regulate CTL-Induced Cytotoxicity To determine whether the WE-DC induce effective CTL activities, the heterokaryons were cocultured with T cells isolated from spleen for 5 d. As a control, the T cells were also cocultured with syngeneic DC or P815. Although there was no evidence for a T cell response to syngeneic tumor, WE-DC stimulated specific-T cell proliferation (Fig. 6A) . To assess the selectivity of this response, syngeneic T cells were incubated with P815 lysate, UT-DC, WE-DC, UT-DC/P815 lysate, or WE-DC/P815 lysate, respectively. The results demonstrated little if any evidence for T cell stimulation by syngeneic P815 lysate or DC. By contrast, incubation of T cells with syngeneic WE-DC, UT-DC/P815 lysate or WE-DC/P815 lysate induced cytotoxicity (13.23Ϯ3.2, 18.4ddϮ5.3, and 35.3 Ϯ8.3%, respectively). Additionally, we therefore investigated the IFN-g production to on influence of WE-DC/P815 lysate. As shown in Fig. 6B , the splenocytes cocultured with UT-DC or P815 lysate (48.2Ϯ10.6 and 43.6Ϯ3.9 pg/ml, respectively) produced moderated levels of IFN-g. High levels of IFN-g were measured from splenocytes cocultured with WE-DC, WE-DC/P815 lysate or WE-DC/P815 lysate (135.6Ϯ10.3, 217.4Ϯ38.8, and 321.8Ϯ59.3 pg/ml, respectively). These finding demonstrate that WE-DC results in stimulation of a specific T cell response combined with tumor-specific antigens.
DISCUSSION
DC can be differentiated from immature to mature stages by various stimulators, by cytokines such as TNF-a or pathogen products, or LPS. 6) Immature DC have a high capacity for antigen capture and processing. Mature DC demonstrate a characteristic morphology, with enlarged size and numerous cytoplasmic processes giving rise to a stellate appearance. Maturation of DC is characterized by a decreased antigen-processing capacity, an increased cell surface expression of MHC class II and costimulatory molecules, and the secretion of IL-12, priming a strong stimulation of CD3 ϩ T lymphocytes growth and differentiation. [1] [2] [3] 6) C. militaris is one of the herbal ingredients, which has been used as a medicinal stuff for a long time in Oriental medicine for patients suffering from cancer. 21) Some immunomodulatory and antitumor activities of C. militaris have been known. This is the first report of which we are aware concerning the effects of WE of C. militaris on the maturation of murine BM-derived DC. It is also the first study in which DC exposed to WE have been tested for the capacity to sensitize recipients for cell-mediated immune responses. In this study, we have shown that WE induced maturation of BM-derived DC and readies them for T cell-mediated immune responses. WE significantly increased membrane molecules, including MHC class I, II, CD40, CD54, CD80, CD86, and bioactive IL-12p70 in DC. Also, WE markedly reduced the endocytosis and macropinocytosis of DC and augmented their capacity to promote the proliferation of allogeneic T cells. Also, we demonstrated that WE could promote the specific-cytotoxic effects of CTL induced by DC pulsed with P815 lysate during the stage of antigen presentation, which may be effective in eliminating tumor escaping in vitro.
The immunotherapies of tumor have developed from antibodies or cytokines to generation of effector cells, but they only gained limited success. 24) Tumors are well-known sources of biological substances and release certain immunosuppressive factors to evade the immune surveillance system of the host. 24, 25) Fortunately, recent insights into the role of DC as the most important APC in initiating or priming immune responses of both helper and cytotoxic lymphocytes provide the basis for more effective immunotherapy of tumor. Nevertheless, from the analyses of tumor specimens obtained from patients, a reduced number of DC infiltrated into tumors correlates with a poor prognosis for patients. 26, 27) Also, the phenotypes and function of DC could be altered in tumors. DC infiltrated into tumor tissue showed a reduced expression of co-stimulatory molecules, defective cytokine production, and full allostimulatory activity, implying that tumor-derived factors impede DC maturation. 28, 29) These effects appear to be maturation-dependent, acting only on DC precursors and not mature DC. Therefore, it may be better to use mature DC for clinical use. DC maturational signals can originate from several sources. Based on our results, which indicate that WE stimulate the production of IL-12 and surface molecules by DC instead of addition to, TNF-a, CD40 ligand, and LPS, augment the maturation of stimulator of WE in vitro. In our previous studies, [29] [30] [31] [32] mushroom and fungal polysaccharides significantly induced the maturation of DC as adjuvant of immunotherapy. Therefore, we may suggest that polysaccharide portion is a central role for immunoregulation against anti-cancer in vitro.
In summary, WE can exhibit several different immunopharmacological activities, including the augmentation of DC maturation and may increase the antitumor effects of DC-based vaccine therapy. However, our observation was obtained through in vitro culture system, and need further investigation of in vivo experience to observe the regulatory effects of WE on specific CTL induced by DC during the stage of antigen presentation. Also, we are currently investigating the in vivo antitumor effects of a combination therapy, including a WE-and DC-based vaccine, on a tumor-bearing mouse model.
